The soil yeast Trichosporon cutaneum, which is distinguished by having a strictly oxidative metabolism, can be induced to utilize phenol as a sole carbon source. The present paper shows that such phenol-induced cells contain a specific, energy-dependent uptake system for phenol. Phenol uptake is not directly linked to its ohydroxylation inside the cell, the first step of phenol metabolism. The Km for uptake is 235 30 ,uM, that for hydroxylation only 4.5 0.5 ,uM. Further, the phenol analog 2,6-dimethylphenol, which can not be hydroxylated, competes with phenol for the uptake system. The pH dependence of uptake indicates that phenolate is an essential form during the uptake process. The energy requirement for phenol uptake is indicated by effects of various inhibitors of energy generation, including proton-conducting uncouplers. Direct monitoring of proton movements in a pH-stat during phenol uptake indicates a phenol-proton symport. One proton is cotransported with every phenol molecule. Phenol competes with the uptake of sucrose and glycerol by cells grown on these substrates. Under such conditions the uptake of phenol seems to proceed through a different system, with lower affinity for phenol than in phenol-grown cells.
It is now well established that the selective uptake of nutrients into microbial cells is an active process characterized by stereospecificity, saturation kinetics, and energy requirement. Constitutive and inducible transport systems in yeast for sugars have been described previously (3, 9, 12, 17 ). An increasing body of evidence points to chemiosmotic phenomena playing a central role in coupling energy to transport processes. The participation of proton symport in the transfer of nutrients into microbial cells has been shown in both, bacteria (8) and some lower eucaryotes (4, 11, 23) including different yeasts (1, 4, 10, (19) (20) (21) .
In previous work, we have isolated strains of the soil yeasts Trichosporon cutaneum and Candida tropicalis, which can be induced to metabolize phenol as a sole carbon source by a sequence of intracellular enzymes (5-7, 14, 16, 24) . In the present work, we address the question of whether an active transport system for phenol exists in phenolinduced T. cutaneum cells, and if so, what is its energy source and its relation to the enzymes participating in phenol metabolism.
MATERIALS AND METHODS Chemicals and equipment. All chemicals were commercial products of reagent grade, whenever available, and purchased as before (14) . Triton X-100 was from Rohm & Haas (Philadelphia, Pa.). Uniformly 14C-labeled compounds were obtained from the Radiochemical Centre (Amersham, England), Biofluor scintillation counting solution was from New England Nuclear Corp. (Boston, Mass.). Carbonyl cyanide p-trifluoromethoxy-phenyl hydrazone (FCCP) and oligomycin were products of Boehringer GmbH (Mannheim, Germany). Membrane filters were from Sartorius GmbH (Gottingen, Germany). Proton uptake was monitored in a pH-stat, with Titrigraph (model SBR3; Radiometer, Copenhagen, Denmark).
Organism and culture conditions. Trichosporon cutaneum was grown at 28°C on a rotary shaker in the medium described by Neujahr and Varga (16) terminate the reaction and release dissolved '4CO2. The mixture was vigorously and repeatedly stirred on a whirlmixer to ensure complete absorption of the released "4CO2.
The cotton plug was then transferred to a vial for liquid scintillation counting. Calculations were based on the assumption that all of the radioactivity counted was in the form of 14CO2.
Permeabilization procedures and enzyme assays in situ. The cells were permeabilized essentially as described by Miozzari et al. (13) . Cell pellets were resuspended to 10 to 20 mg (dry weight) per ml in 0.1 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.5) containing 0.05% Triton X-100. The suspensions were kept frozen at -20°C for at least 40 h. After slow thawing in an ice bath, the suspensions were used without further treatment for enzyme assays. Controls, in which the detergent was removed before the enzyme assays, gave identical results.
Enzyme activities were measured spectrophotometrically, phenol hydroxylase was measured as described by Neujahr and Gaal (14) , and catechol 1,2-oxygenase was measured as described by Varga and Neujahr (24) . For the enzymes 1 U is defined as the amount of enzyme which causes the conversion of 1 (Fig. 1A) .
In Figure 1B illustrates the saturation of the uptake system as a function of phenol concentration. Calculations from six independent experiments gave a Km of 235 ± 30 ,uM and a Vmax of 49 ± 9 nmol min-' mg of cells (dry weight)-'. The corresponding values for saturation of phenol hydroxylase (EC 1.14. 13.7), the first enzyme of phenol metabolism, when measured in situ, were a Km of 4.5 ± 0.5 ,uM and a Vmax of 62 ± 20 nmol min-' mg of protein-'. Thus, the affinity for phenol of the uptake system is much lower than the corresponding affinity of phenol hydroxylase.
Specificity of the transport system. The effect of phenol analogs. 2,6-Dimethylphenol, a compound that can not be hydroxylated by phenol-grown cells, gave competitive inhibition of phenol uptake when added together with
[14C]phenol (Fig. 1B inset) . Of phenol analogs that can be catechol, interfered with the uptake of phenol in a competitive manner in most cases (data not shown). Resorcinol was an exception, as it did not affect the uptake of phenol when added under identical conditions. There was no effect on [14C]phenol uptake by m-or p-hydroxybenzoate or by tyrosine (data not shown). The pH dependence of phenol uptake. Figure 2 shows the pH dependence of the rate of phenol uptake. At 1.5 mM
[14C]phenol, a level which saturates the system at pH 7.5 (Fig. 1B) , the uptake rate increased with increasing pH (inset). At pH 5.5, the system required much higher concentrations of phenol to become saturated than it did at pH 7.5 (main diagram). The Km values for phenol were estimated to 0.2 mM at pH 7.5 (cf., Fig. 1B ) and 99 mM at pH 5.5. When recalculated on the basis of concentration of phenolate, rather than on total phenol, the difference between the Km values becomes much smaller, 4 ,uM at pH 5.5, compared Figure  3 shows the results obtained after a 2-min preincubation.
Oligomycin, when added 2 min before phenol, did not affect the uptake (Fig. 3) . However, the 15 min preincubation with oligomycin decreased phenol uptake to 35% of control. The ATP level of such cells decreased to 50% (data not shown). The ATP level of cells preincubated for 15 These results indicate that phenol uptake is an energydependent process. The effects of the proton-conducting uncouplers FCCP and 2,4-DNP point to the involvement of a proton gradient.
Proton movements associated with phenol transport. Suspensions of washed cells in distilled water gave stable base lines in pH-stat at pH 5.4 to 5.9. Addition of phenol to such suspensions triggered the consumption of protons (Fig. 4) . Table 1 These results indicate phenol-proton symport with a ratio during uptake of 1:1.
Phenol uptake was not significantly affected by the presence of NH4', Na+, or K+ in concentrations up to 0.5 M.
Simultaneous recording of proton movement and
[14C]phenol uptake added together with FCCP or NaN3
showed that both inhibitors enhanced the uptake of phenol as well as the uptake of protons (cf. longer be found (data not shown). Possibly, the uncouplertriggered collapse of the proton gradient caused phenol to enter the cell in an uncontrolled process.
Uptake of phenol in cells grown on alternative carbon sources. Phenol competed with the uptake of glycerol and sucrose by cells grown on these respective carbon sources (Fig. 5) The proton-conducting uncouplers FCCP and 2,4-DNP inhibit phenol uptake (Fig. 3) without affecting the ATP level of the cells or phenol metabolism. A stoichiometrically related proton uptake accompanying phenol is demonstrated (Table 1) . These results indicate that phenol transport is driven by a gradient of protons across the plasma membrane.
A decrease in the cellular ATP level caused by prolonged incubation of cells with oligomycin occurs concomitantly with inhibition of phenol uptake (see legend to Fig. 3 ), whereas short-time incubations with this compound do not significantly affect uptake (Fig. 3) . We interpret these results as consistent with the idea that ATP is not directly involved in phenol transport but is needed for the generation of the proton gradient. Such interpretation is supported by the observation of other authors that the generation of a proton gradient for nutrient uptake in yeast is accomplished by an ATP-driven proton pump, the yeast plasma membrane ATPase (2, 22) . Our results show that NaN3 affects the proton-pumping activity in a way similar to that of FCCP (Fig. 4) but has no effect on the ATP content of the cells (legend to Fig. 3 ). The effect of NaN3 on phenol uptake could thus be explained by assuming that this agent acts as a proton-conducting uncoupler, in addition to its previously known effects on specific enzymes. Information in the literature is not complete in this respect, although some support for this idea is given by several authors (18, 19, 21) .
Phenol is cotransported with protons with a stoichiometry of 1:1 ( Table 1 ). The involvement of phenolate in phenol transport, as indicated by the pH dependence of uptake (Fig.  2) , could explain how electroneutrality is maintained in the system since there was no indication of export of a positive ion (K+, Na+, or NH4+).
The data presented here indicate that phenol-grown T. cutaneum cells possess a transport system for phenol, which is characterized by saturation kinetics, considerable specificity with respect to phenol analogs, and by an energy requirement. The remaining criterion of active transport, that of the system being able to work against a concentration gradient, has not been demonstrated. Under normal physiological conditions, it would be suicidal for the cells to concentrate phenol intracellularly. The ability of the transport system to do so could possibly be demonstrated using the nonmetabolizable analog 2,6-dimethylphenol. However, the prohibitive cost to obtain the latter as labeled compound ($5,000 [U.S.] for a small quantity) has prevented us from testing this possibility.
The question of how the transport system for phenol in T. cutaneum cells is induced and regulated is now the subject of further studies. The results obtained with cells grown on alternative carbon sources indicate the occurrence of additional transport system(s) for phenol, with much lower affinity for phenol than the uptake system in phenol-grown cells.
